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ABSTRACT
Arsenic is a natural toxicant commonly found in drinking water. Since its main route
of exposure is oral, arsenic is continually in contact with the small intestine. While in
vitro arsenic exposures of environmentally relevant concentrations can disrupt
differentiation in cardiac and skeletal muscle, neurons, and keratinocytes, little is known
of the impact of an in vivo arsenic exposure. Since the epithelium of the small intestine
rapidly regenerates, we wanted to investigate whether arsenic alters the balance of
renewal and differentiation. Small intestinal organoids (enteroids) were used to assess
arsenic’s impact on intestinal homeostasis by exposure to 0, 1, and 5 μM iAs for 6 days.
After collection, transcript and protein levels of markers identifying intestinal stem cells
(ISCs) and differentiated epithelial cells were investigated. However, the arsenic-exposed
and control samples showed no differences. Our lab has recently shown that an in vivo
exposure of 100 ppb iAs reduced transcript levels of Lgr5, Atoh1, and Defa1. Because the
in vivo and in vitro data were inconsistent and because previous studies showed that
stromal cell signals are essential in regulating intestinal homeostasis, I hypothesized that
arsenic may impair stromal cells and their secreted signals rather than targeting the
intestinal epithelial cells directly.
Male C57BL/6 mice were exposed to 0 or 100 ppb sodium arsenite in drinking water
for five weeks. The proximal 10 cm of the small intestine was then collected for further
analysis. The results show that arsenic exposure altered intestinal morphology, indicated
by a 37% reduction in the width of connective tissue underlying the crypt. Transcript
levels of platelet derived growth factor alpha (Pdgfra), an important cellular marker of

ii

several stromal cell populations, were decreased by more than four-fold. Telocytes, a
stromal cell important in cell-to-cell communication, are marked by high levels of
Pdgfra. Arsenic exposure resulted in a decreased spread to telocyte projections in the
villus tip. Transcripts of Bmp2 and Bmp4, signals important in promoting differentiation,
were reduced by 32% and 36% in arsenic-exposed tissues, respectively. In addition,
mRNA levels of Gremlin1 and Gremlin2, Bmp antagonists expressed in the stem cell
niche, were reduced 50% and 60% when exposed to arsenic. These results suggest that
the reduction in Pdgfra+ cells leads to a reduction in an expression of signals important in
the Wnt and Bmp pathways - pathways important in maintaining the intestinal balance
between stemness and differentiation.
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CHAPTER ONE
LITERATURE REVIEW

ARSENIC IN THE ENVIRONMENT
Arsenic is a toxic metalloid that is naturally found in bedrock. Due to weathering,
arsenic becomes incorporated into soil and groundwater (Mandal and Suzuki, 2002).
While arsenic is naturally found in the environment, humankind has also played a role in
its distribution through products such as pesticides (Ratnaike, 2003), fertilizers, wood
preservatives, and additives in animal feed (Diaz et al., 2015). Arsenic has also been used
in alternative medicines and in therapeutic treatments for acute promyelocytic leukemia
(Shen et al., 1997) and syphilis (Haller, 1975). Despite these anthropological sources,
ingestion of arsenic-contaminated groundwater is the main cause of human arsenic
toxicity (Matschullat, 2000, Shi et al., 2004, Valko et al., 2005, Cohen et al., 2006). In
addition, crops such as rice that are irrigated with contaminated water can also
significantly increase the amount of arsenic ingested due to their high levels of
consumption around the world (EFSA, 2009). In order to minimize the toxic effects of
arsenic, both the World Health Organization (WHO) and the Environmental Protection
Agency (EPA) have set the drinking water standard for arsenic at 10 μg/L (ppb) (EPA,
2001, WHO, 2015). Millions of people around the world, however, are regularly exposed
to arsenic levels in groundwater higher than this standard. In India alone, more than 70
million people are exposed to arsenic in drinking water, which, in some locations, can
exceed 1800 ppb (Kumar et al., 2016, Saha and Sahu, 2016). While not at the levels of
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other countries in the world, regions in the United States are also exposed to arsenic
concentrations higher than the 10 μg/L standard. A water quality assessment of aquifers
from 1991-2010 in the US found that more than two million people were exposed to
arsenic levels in drinking water greater than 10 ppb (Ayotte et al., 2017). In 2000, the
EPA, estimating arsenic levels based on naturally occurring arsenic factors in the
environment, concluded that ~7% of the country could be exposed to arsenic in drinking
water >10 ppb (EPA, 2000).

ARSENIC BIOTRANSFORMATION
Inorganic arsenic (iAs) exists in two valences – As(III) (arsenite) and As(V)
(arsenate), of which the trivalent species is much more toxic (Calatayud et al., 2013).
Detoxification of arsenic occurs mainly through methylation, carried out either by arsenic
methyltransferase (As3MT) or by resident intestinal microbiota (Drobná et al., 2006, Lu
et al., 2013). This methylation generates monomethylarsonous acid (MMA) or
dimethylarsinous acid (DMA), metabolites likely more toxic than their parent compounds
(Thomas et al., 2007, Calatayud et al., 2013). After 3-5 days, ~50% of the ingested dose
is typically eliminated in the urine. In humans exposed to arsenic, nearly 70% of urinary
As is present as DMA, with roughly equal amounts of iAs and MMA (Vahter, 2000,
Loffredo et al., 2003). Different mouse strains that are part of the Collaborative Cross
were exposed to 50 ppm of iAs in their drinking water. After two weeks, regardless of the
mouse strain, their urine contained ~95% DMA, with roughly equal amounts of MMA
and iAs (Stýblo et al., 2019). These metabolic differences in humans and mice appear to
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be due to increased efficiency of As3MT in mice. If arsenic and its metabolites are not
excreted, it can lead to toxic effects such as production of reactive oxygen species (ROS),
which can disrupt cellular membranes through lipid peroxidation. As(III) species are
thiol-reactive and can also disrupt proteins and enzymes vital to cellular energy and DNA
repair and replication (Ratnaike, 2003).

ARSENIC IMPACT ON CELLULAR DIFFERENTIATION
While the present study investigates the impact of arsenic exposure on adult stem cell
differentiation, other research has been performed with embryonic stem cells (ESCs). For
example, previous studies in our lab have shown that P19 cells exposed to 0.5 μM arsenic
led to reduced myogenesis and neurogenesis (Bain et al., 2016). These changes were
thought to be due to decreases in β-catenin expression as well as changes in the Sonic
hedgehog signaling pathway, leading to an imbalance in self-renewal of stem cells and
progenitor cell differentiation (Hong and Bain, 2012, Liu and Bain, 2014). ESCs exposed
to 0.5-1.0 μM MMA for 1-3 days inhibited their differentiation into cardiomyocytes
through a decrease of proliferation and/or a promotion of apoptosis (Wang et al., 2015).
Similar results have been shown in a 20 nM arsenite exposure of mouse myoblast cells,
leading to a delay in their differentiation, evidenced by the decreased numbers of
myotubes and myogenin expression (Steffens et al., 2011). Yen and colleagues showed
that an in vivo exposure of arsenic trioxide led to a reduced ability of skeletal muscle
tissue to regenerate following an injury (Yen et al., 2010). Rat adrenal gland cells

3

exposed to 10 μM arsenite resulted in a reduced production of neurites which had fewer
branches and less outgrowth (Frankel et al., 2009).

STRUCTURE, FUNCTION, AND CELL TYPES IN THE SMALL INTESTINE
Since the main path of exposure is the oral route, the small intestine, whose primary
function of digestion and absorption of nutrients (van der Flier and Clevers, 2009), is the
first physiological barrier arsenic must cross in order to be absorbed. However, little is
known about the effect of arsenic toxicity on intestinal tissue in vivo. The intestine has
typically been thought of as a conduit, absorbing arsenic from the lumen and delivering it
to the bloodstream to cause problems in other parts of the body. Because of the
continuous exposure of the epithelium to numerous pathogens in the lumen (both resident
and ingested), the intestine has several mechanisms to protect itself from injury secretion of mucins from goblet cells to provide a mucosal barrier for the villus
epithelium (Rodríguez-Piñeiro et al., 2013), secretion of antimicrobial proteins from
Paneth cells to protect ISCs from pathogens (Clevers and Bevins, 2013), and the presence
of immune cells in the lamina propria (Pinchuk et al., 2010).
The ability of the epithelium to renew itself is an additional protection against
intestinal damage. Renewing itself every four - five days, the small intestine is one of the
most active self-renewing tissues in adult mammals (Chiocchetti et al., 2018). The
intestinal epithelium is organized into crypt/villus units and made up of four main
differentiated epithelial cells - enterocytes, enteroendocrine cells (EEC), goblet cells, and
Paneth cells (Gribble et al., 2012) (Figure 1). The crypts of Lieberkühn are invaginations
4

between the villi that extend into the underlying connective tissue termed the lamina
propria. These crypts contain around 15 actively-dividing multipotent Lgr5+ ISCs, which
must be able to renew themselves and produce precursors to intestinal epithelial cells for
the life of the organism (Clevers, 2013). There is debate in the literature as to how
multipotent cells divide and replenish themselves and how progenitor cells come into
being. For many years, the Lgr5+ actively dividing ISCs were thought to undergo
asymmetric division, producing one daughter cell that became a progenitor cell, and one
daughter cell that became a new stem cell (Potten et al., 2002, Noah et al., 2011). Other
research has suggested that stem cells undergo stochastic population asymmetry,
producing two stem cells or two differentiating cells with equal frequency (Kiel et al.,
2007, Lopez-Garcia et al., 2010, Snippert et al., 2010).
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There is also debate about the journey of stem cells to progenitor cells and finally to
differentiated, post-mitotic cells. Whether the differentiation process occurs because of a
passive competition for space in the crypt (Ritsma et al., 2014, Parker et al., 2017) or
because of an active process of stem cells giving rise to progenitor and differentiated cells
(Barker et al., 2013, Li et al., 2014), what is clear is that stem cells generate transitamplifying cells (Snippert et al., 2010) which exit the crypt to become part of the
secretory (Paneth, EEC, goblet) or absorptive (enterocyte) epithelial lineage. Enterocytes,
goblet cells, and EECs, cells that exit the crypt, form a monolayer of epithelium as they
migrate toward the tip of the villus (Figure 1).
Goblet cells secrete mucus to protect the intestinal epithelium from harmful, ingested
substances or from resident microbes (Kim and Ho, 2010). Enteroendocrine cells secrete
hormones directly into the lamina propria, diffusing into the bloodstream to reach their
eventual targets (May and Kaestner, 2014). There are many different EEC subtypes,
including those that secrete cholecystokinin (Cck), which cause release of bile by the
pancreas, and those that secrete secretin, which stimulate the release of digestive enzymes
and bicarbonate into the lumen (Gribble and Reimann, 2016). The absorptive lineage
consists of enterocytes which make up ~80% of the intestinal epithelium (Van Der Flier
and Clevers, 2009). These cells absorb macro-molecules such as carbohydrates, lipids,
and proteins as well as vitamins and ions necessary for life (Kiela and Ghishan, 2016).
After 4-5 days, these cells that are part of the villus epithelium undergo apoptosis and
slough off into the lumen. Paneth cells, however, migrate downward and reside in the
crypt alongside the Lgr5+ ISCs for up to 8 weeks (Noah et al., 2011). Paneth cells secrete
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Wnt3a, a signal that helps to maintain Lgr5+ ISC stemness (Farin et al., 2016), as well as
antimicrobial proteins (e.g. defensin and lysozyme) to protect the crypt (Ouellette, 2010).
For many years, intestinal epithelial cells were thought to be terminally differentiated
once they exited the crypt (Katz et al., 2002, Auclair et al., 2007). Recent research has
shown, however, that epithelial cells have the ability to dedifferentiate. Schmitt and his
colleagues showed that intestinal inflammation could cause the dedifferentiation of
Paneth cells into Lgr5+ ISCs in vivo (Schmitt et al., 2018). Goblet cell progenitors can
dedifferentiate into Lgr5+ ISCs when these actively-dividing stem cells are damaged
(Jadhav et al., 2017). In addition, enterocytes have been shown to have heterogeneous
functions after leaving the crypt. Using single cell spatial transcriptomics, Moor and his
colleagues revealed that enterocytes progressively differentiate as they move up the villus
(Moor et al., 2018). In a similar manner, Beumer et al. showed longitudinal, differential
gene expressions of EEC lineages depending on their spatial location in the villus
(Beumer et al., 2018).

INTESTINAL STROMAL CELL SUBTYPES AND FUNCTIONS
The last few years has seen a significant increase in research attempting to determine
the specific signals that contribute to intestinal homeostasis, where they are expressed in
the intestine, and what cell populations express them. Several stromal cell populations,
including telocytes, trophocytes, and myofibroblasts, express Wnt and Bmp signals.
There is debate in the field as to what these cell types are called and what identifying
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structural and functional markers they express (Aoki et al., 2016, Stzepourginski et al.,
2017, Degirmenci et al., 2018, Greicius et al., 2018, Shoshkes-Carmel et al., 2018,
Hansen et al., 2019, Halpern et al., 2020, McCarthy et al., 2020). What follows is an
attempt to collate information about the stromal cell populations and the signals that they
express, which are important in intestinal homeostasis.
Underlying the intestinal epithelium are stromal cells that function in support roles.
Pdgfrahi telocytes, Grem1+ Pdgfralo trophocytes, Grem1- Pdgfralo stromal cells, and
myofibroblasts express signals that establish microenvironments essential to the
preservation of intestinal homeostasis (reviewed in Greicius and Virshup, 2019,
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McCarthy et al., 2020). Myofibroblasts are cells that share characteristics of both
fibroblasts and smooth muscle cells and are involved in wound repair, recruitment and
activation of immune cells, as well as regulation of epithelial cell proliferation and
differentiation (Lesperance et al., 2006, Andoh et al., 2007, Furuya and Furuya, 2007,
Powell et al., 2011). Intestinal telocytes are located directly underneath the epithelium,
starting at the crypt/villus junction and going up the villus (Figure 2). Telocytes are made
up of a small cell body and one to five telopodes - long, cytoplasmic protrusions that
stretch hundreds of microns (Cretoiu and Popescu, 2014). These extensions allow
telocytes to contact and provide signaling molecules to many different cell types in order
to maintain intestinal homeostasis (Zheng et al., 2012, Shoshkes-Carmel et al., 2018,
McCarthy et al., 2020). Both Pdgfralo intestinal cell populations – pericryptal Grem1+
trophocytes and Grem1- stromal cells located at the crypt-villus junction, help to maintain
intestinal homeostasis through the Wnt and Bmp signaling pathways (Hansen et al., 2019,
McCarthy et al., 2020).
These unique stromal cell populations have structural and functional markers that
distinguish them from one another. Telocytes are structurally identified by a high
expression of Pdgfra, no expression of CD34, and by their far-reaching telopodes
(Cretoiu et al., 2012, Stzepourginski et al., 2017, McCarthy et al., 2020). Functionally,
telocytes aid in the process of progenitor cell differentiation through their expression of
Bmp2, Bmp4, and Bmp5 (Shoshkes-Carmel et al., 2018, McCarthy et al., 2020). They
also express Foxl1, a negative regulator of epithelial proliferation (Kaestner et al., 1997,
Madison et al., 2009, Shoshkes-Carmel et al., 2018), as well as Wnt4 and Wnt5a, which
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have been shown to be important in promoting differentiation (Martini et al., 2017).
Myofibroblasts are identified by the structural marker Acta2 and the intermediate
filament vimentin. Their function is diverse, as they can secrete Wnt2b to support ISC
homeostasis as well as secrete Bmp4 and Bmp5 to promote differentiation (Halpern et al.,
2020, McCarthy et al., 2020).
McCarthy and his colleagues have identified two distinct intestinal cell populations
that express Pdgfra at a low level and make up ~25% of all stromal cells (McCarthy et al,
2020). Pericryptal Grem1+ trophocytes, in addition to Pdgfra, are classified by the
presence of the structural marker CD34. As these cells are located directly underneath
Lgr5+ ISCs, they function in maintaining stemness through secretion of Wnt2b, Wnt
agonists Rspo2 and Rspo3, and Bmp antagonists Grem1 and chordin-like1. A second
population, Grem1- Pdgfralo cells, are highly concentrated at the crypt-villus junction and
are identified by the presence of the structural marker CD34, along with Pdgfra
(McCarthy et al., 2020). As progenitor cells exit the crypt to travel up the villus, they
encounter signals from this cell population that promote differentiation, signals such as
Wnt antagonists Dkk3 and Sfrp1 in addition to Bmp2 and Bmp4 (McCarthy et al., 2020).

WNT AND BMP SIGNALING IN THE INTESTINE
These specific stromal cell populations help to maintain intestinal homeostasis by
secretion of signals that are part of the Wnt and Bmp pathways. There are 19 Wnt ligands
that belong to the canonical (involves β-catenin) or non-canonical (no β-catenin)
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signaling pathways (Ling et al., 2009). Depending on the function of the particular Wnt
signal, they can be highly expressed in the microenvironments of the crypt (Aoki et al.,
2016, Hansen et al., 2019) or of the villus (Shoshkes-Carmel et al., 2018, Halpern et al.,
2020). Wnt2b and Wnt3a, expressed by Grem1+ trophocytes and Paneth cells,
respectively, are the main Wnt family members that contribute to maintenance of
stemness in the intestine (Farin et al., 2012, Miyoshi, 2016, Stzepourginski et al., 2017,
McCarthy et al., 2020). Wnt4 and Wnt5a, expressed by Foxl1+ telocytes, are important in
processes such as cell motility and polarity and inhibition of the β-catenin signaling
pathway and of the cell cycle, thereby promoting differentiation of TA cells (Gregorieff
et al., 2005, Baksh et al., 2007, Louis et al., 2008). Wnt ligands bind to a frizzled receptor
and low-density lipoprotein receptor-related protein coreceptor. As β-catenin, the Wnt
effector molecule, is stabilized, it translocates to the nucleus, and, along with several
other transcription factors, increase Wnt target gene expression, helping to maintain the
undifferentiated state of Lgr5+ ISCs (Huels et al., 2018, Kabiri et al., 2018). In
cooperation with Wnt ligands, R-spondins (Rspo) are Wnt agonists that bind Lgr5
receptors, helping to sensitize cells to Wnt signals by preventing the ubiquitination of the
frizzled receptor (Xie et al., 2013, Yan et al., 2017). Though Rspo1-3 isoforms are all
expressed in the intestine, Rspo1 is only expressed in epithelial cells, while Rspo2 and
Rspo3 are expressed in stromal cells and are the most potent in Wnt signal enhancement
(Greicius et al., 2018). While Rspo3 is usually involved in intestinal crypt regeneration,
after exposure to stress, a combined inhibition of both Rspo2 and Rspo3 revealed that
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both of these Wnt agonists are required for maintenance of Lgr5+ ISC function (Storm et
al., 2016).
Other important signals in the intestine are Bmp ligands, a part of the transforming
growth factor β (TGF-β) family (Kobayashi et al., 2005, Stewart et al., 2010). As opposed
to the Wnt pathway that is active in the crypt, Bmp ligands are expressed by telocytes,
Grem1- Pdgfralo stromal cells, and myofibroblasts in the villus (Santos et al., 2018,
Shoshkes-Carmel et al., 2018, Halpern et al., 2020) (Figure 2). This fact corresponds to
the higher abundance of Bmp receptors in the tip of the villus (He et al, 2004, Auclair et
al, 2007). The main Bmp ligands in the intestine, Bmp2, Bmp4, and Bmp5, are important
in the differentiation of epithelial progenitor cells (Haramis et al., 2004, Hardwick et al.,
2004, Hansen et al., 2019). Bmp receptor binding begins a cascade of events that leads to
the phosphorylation of receptor-regulated Smads (R-Smads), specifically Smad1, Smad5,
and Smad9 in the intestine. Phosphorylated R-Smads are then able to complex with the
common Smad (co-Smad4) and enter the nucleus to modulate gene expression
(Hardwick, 2008). The Smad complex is responsible for inhibiting many of the Wnt
target genes involved in stem cell maintenance, including Lgr5, as well as upregulating
several genes involved in cell cycle arrest (Qi et al., 2017), with the ultimate effect of
enhancing progenitor cell differentiation. Interestingly, a recent study showed that Bmp2
and Bmp5 are also expressed by mesenchymal cells adjacent to Lgr5+ ISCs in the crypt
(Halpern et al., 2019). Thus, in order to inhibit Bmp activity in the niche
microenvironment, Bmp antagonists, particularly noggin, gremlin, and chordin-like
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proteins, are secreted by Grem1+ pericryptal trophocytes (He et al., 2004, ShoshkesCarmel, 2018, Halpern et al., 2020) (Figure 2).
While regulatory signals are expressed by both epithelial and stromal cells, signals
emanating from stromal cells has been shown to be essential to intestinal homeostasis.
Ablation of Foxl1+ telocytes resulted in the reduction of β-catenin nuclear localization,
epithelial proliferation, villus length, the depth of intestinal crypts, and overall intestinal
length (Aoki et al., 2016). Research by Durand and colleagues showed that, after
tamoxifen-induced knockout of Math1, a transcription factor involved in the
differentiation of Paneth cells, Lgr5+ ISCs continued to be able to renew and proliferate
(Durand et al., 2012). A Cre-lox conditional knockout of the epithelial Wnt3 signal
showed that epithelial Wnt signals are redundant in vivo (Farin et al., 2012). Mice that
were exposed to DSS to mimic colitis and subjected to a tamoxifen-induced depletion of
Rspo3 (expressed by Grem1+ trophocytes) resulted in the almost complete disappearance
of the colonic epithelium as well as a complete disruption of the crypt architecture
(Harnack et al., 2019). Research by Beumer and colleagues showed that Bmp4, a
morphogen expressed by several different stromal cell populations, controls regiospecific
hormone expression in EECs in the villus (Beumer et al., 2018). Taken together, these
studies show that stromal signaling is essential in maintaining the microenvironments that
regulate intestinal homeostasis.
In order to maintain the intestinal balance between self-renewal, proliferation, and
differentiation established, in part, by Wnt and Bmp signals, there must be an interplay
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both between and within these pathways. In addition to the examples of Wnt4 and Wnt5a
and Smad previously discussed, β-catenin activates transcription of the Bmp and activin
membrane-bound inhibitor (BAMBI), which, as its name implies, results in an inhibition
of Bmp signaling (Sekiya et al., 2004). Because of this coordination between and within
these pathways, any disruption to one piece of the puzzle can have far-reaching
consequences.

ARSENIC AND ITS IMPACT ON THE INTESTINE
The main path of arsenic exposure is through ingestion of contaminated food and
drink; therefore, the intestinal epithelium is the first barrier that arsenic must cross to be
absorbed into the bloodstream. While people exposed to arsenic have developed
symptoms such as gastroenteritis, diarrhea, nausea, abdominal pain, vomiting, and weight
loss, little is known about how arsenic directly impacts the intestine. There have been
several studies using colon cell lines, which can act as models of enterocytes and barrier
function. For example, treatment of Caco-2 cells with iAs(III) at 25-100 ppb for up to 21
days showed an increase in IL-8, a pro-inflammatory cytokine, as well as a loss of
microvilli and a decrease in intestinal barrier function (Chiocchetti et al., 2018). Exposure
of HT-29 cells to 40 μM arsenic trioxide for 12 hours decreased expression of proteins
that form tight junctions, impairing the integrity of the intestinal barrier (Jeong et al.,
2017). Other studies describe the impact of arsenic on the gut microbiota. Mice exposed
to arsenic concentrations of 10 or 250 ppb for up to 10 weeks led to changes in the
diversity and abundance of distinct bacterial communities (Dheer et al., 2015). A 2017
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study by Chi and colleagues showed similar results after an in vivo exposure of 100 ppb
arsenic for 13 weeks. Bacterial community composition was perturbed, as were normal
intestinal functions such as carbohydrate and pyruvate metabolism and short-chain fatty
acid biosynthesis (Chi et al., 2017).
Of particular importance to our present research are studies that indicate stromal cells
are impaired by exposure to arsenic. A five-week exposure of mice to 100 ppb arsenite
resulted in impaired stem cell differentiation following an injury due to fibroblast
extracellular matrix (ECM) dysfunction (Zhang et al., 2016). In addition, Zhong and
colleagues showed that arsenic trioxide inhibits human skin fibroblast differentiation into
myofibroblasts (Zhong et al., 2019). Stellate cells, the main source of ECM production in
the liver after injury (Eng and Friedman, 2000), have also been shown to be impaired by
arsenic exposure. An in vitro exposure of human hepatic stellate cells with 0.1-100 μM
iAs showed an increase in production of stellate cell proteins and ECM (Fan et al., 2018).
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STUDY OBJECTIVES
Previous research in our lab has shown reductions in Lgr5 and Paneth cell marker
expression in the small intestine following an in vivo arsenic exposure. As intestinal
stromal cells are essential in maintaining stem cell homeostasis and initiating
differentiation, and they are known targets of arsenic in other tissues and organs, I
hypothesize that arsenic will specifically impair the numbers and/or function of stromal
cells in the intestine.

Aim 1: Assess whether arsenic alters epithelial cell numbers and/or subtypes using
an enteroid model.
A previous study in our lab showed that arsenic exposure reduced the expression of
intestinal stem cells (ISCs) and Paneth cells following an in vivo exposure. Since these
changes could be the result of arsenic targeting either the epithelial or mesenchymal cells,
an in vitro intestinal epithelial cell model will be used to validate the in vivo findings.
Intestinal organoids (enteroids) will be exposed to 0, 1, and 5 μM iAs for 6 days.
Enteroids are collected to examine transcript expression of intestinal cell markers,
including Lgr5 for ISCs, Hes1 for absorptive cells, Atoh1 for secretory cells, mucin2
(Muc2) for goblet cells, Sucrase isomaltase (Sis) for enterocytes, defensin alpha1 (Defa1)
for Paneth cells, and cholecystokinin (Cck) for enteroendocrine cells. These results will
validate the in vivo findings and indicate if arsenic impairs stem cell differentiation into
specific differentiated, epithelial cells.
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Aim 2: Determine whether an in vivo arsenic exposure reduces the number and/or
localization of intestinal stromal cells that are important in maintaining the balance
between stemness and differentiation.
Myofibroblasts, Pdgfrahi Foxl1+ telocytes, Grem1+ Pdgfralo trophocytes, and Grem1Pdgfralo stromal cells express signals essential to the maintenance of stemness, as well as
drive the differentiation of progenitor cells. Since arsenic can impair stromal cell function
in other tissues, the impact of arsenic exposure on intestinal stromal cell numbers and
function will be analyzed. Male C57BL/6 mice are exposed to either 0 or 100 ppb iAs in
drinking water for five weeks. Sections of the small intestine samples will be stained with
hematoxylin and eosin (H&E) to quantify the width/thickness of the lamina propria. Gene
expression levels of specific stromal cell markers, such as platelet-derived growth factor
receptor alpha (Pdgfra), forkhead box l1 (Foxl1), glioma-associated oncogene homolog 1
(Gli1), and actin alpha 2 (Acta2), will be quantified by qPCR. Protein levels and
distribution of Pdgfra will be determined by immunohistochemistry (IHC) and
immunoblotting. These results will help assess if arsenic disrupts the numbers and/or
location of stromal cells essential to Lgr5+ ISC homeostasis.

Aim 3: Investigate if exposure to iAs downregulates stromal cell-mediated Wnt and
Bmp signaling.
Intestinal stromal cells express signals essential to maintenance of stemness as well as the
differentiation of progenitor cells. Those genes that maintain stemness, which are
predominantly expressed near the crypt, include Wnt2b, R-spondin2 and 3, gremlin1 and
2, noggin, and chordin-like1 and 2. Those genes that ultimately move cells out of the cell
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cycle, which are predominantly expressed in the villus, include Wnt4, Wnt5a, Bmp2,
Bmp4, and Bmp5. Transcripts of these signals will be measured by qPCR. Active Bmp
signaling is indicated by the phosphorylation of the receptor-regulated Smads
(Smad1/5/9), which will be determined by immunoblotting. These results will show if
arsenic exposure impairs the stromal canonical Wnt and Bmp signaling pathways.
The overall goal of this study is to determine if arsenic exposure impairs the numbers
and/or function of intestinal stromal cells that regulate intestinal homeostasis.
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ABSTRACT
Arsenic is a toxicant commonly found in drinking water. Even though its main route
of exposure is oral, little is known of the impact of in vivo arsenic exposure on small
intestine. In vitro studies have shown that arsenic decreases differentiation of stem and
progenitor cells in several different tissues. Thus, small intestinal organoids (enteroids)
were used to assess if arsenic exposure would also impair intestinal stem cell
differentiation. Unexpectedly, no changes in markers of differentiated epithelial cells
were seen. However, an in vivo exposure of male C57BL/6 mice to 0 or 100 ppb sodium
arsenite in drinking water for five weeks showed that arsenic impaired the stroma. For
example, arsenic reduced the width of the pericryptal lamina propria by 37% and reduced
Pdgfra transcript expression by 77%, a marker of several stromal cell types including
telocytes. In the arsenic-exposed intestinal sections, the spread of Pdgfrahi telocytes into
the villus tip was also reduced. Signals important to Wnt and Bmp signaling pathways
that are expressed by stromal cells were also reduced, including transcript levels of
Gremlin1, Gremlin2, Bmp2, and Bmp4. Our results suggest that the reduction in Pdgfrahi
telocytes into the villus produces a decrease in expression of signals important in the Wnt
and Bmp pathways for maintaining the balance between intestinal cell stemness and
differentiation.
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INTRODUCTION
Arsenic is a toxic metalloid naturally found in soil and groundwater (Mandal and
Suzuki, 2002), exposing humans to contaminated groundwater through drinking,
cooking, and irrigation of crops (reviewed in Heikens et al., 2007). To minimize toxicity,
the recommended standard is 10 μg/L (ppb) arsenic in drinking water (EPA, 2001, WHO,
2015). Millions of people, however, are regularly exposed to higher levels, in some cases
exceeding 1800 ppb (Saha and Sahu, 2016, Kumar et al., 2016). Since the main path of
exposure is the oral route, the small intestine is the first physiological barrier arsenic must
cross to be absorbed (van der Flier and Clevers, 2009). The intestine has several
mechanisms to protect itself from injury, including the ability to renew itself every ~five
days.
The intestinal epithelium is organized into crypt/villus units and made up of four
main, differentiated cells - enterocytes, enteroendocrine (EEC), goblet, and Paneth cells
(Gribble et al., 2012). The crypts of Lieberkühn are intervillus invaginations that extend
into the lamina propria. These crypts contain ~15 actively-dividing multipotent stem cells
which must be able to renew themselves and produce epithelial cell precursors known as
transit-amplifying (TA) cells for the life of the organism (Clevers, 2013). After exiting
the crypt, the TA cells either become part of the secretory (Paneth, EEC, goblet) or
absorptive (enterocyte) lineage. Enterocytes, goblet cells, and EECs form an epithelial
monolayer as they migrate toward the villus tip, undergoing apoptosis and sloughing off
into the lumen after four to five days. Paneth cells, however, regress into the crypt,
residing alongside the Lgr5+ ISCs for up to eight weeks (Noah et al., 2011).
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Myofibroblasts, telocytes, trophocytes, and Grem1- Pdgfralo stromal cells provide
signals essential in preserving intestinal homeostasis (reviewed in Greicius and Virshup,
2019, McCarthy et al., 2020). Myofibroblasts are involved in regulation of epithelial cell
proliferation and differentiation (Lesperance et al., 2006, Furuya and Furuya, 2007).
Telocytes are located directly underneath the epithelium, forming a sheath throughout the
GI tract (Shoshkes-Carmel et al., 2018). This sheath is formed by telopodes, long,
cytoplasmic extensions that can communicate with other cells about specific processes,
including regulation of differentiation (He et al., 2004, Shoshkes-Carmel et al., 2018).
Located directly beneath Lgr5+ ISCs, Grem1+ trophocytes express signals that promote
self-renewal of these multipotent cells (McCarthy et al., 2020). Grem1- Pdgfralo cells,
which are concentrated at the crypt-villus junction, secrete signals that promote
differentiation of progenitor cells exiting the crypt (McCarthy et al., 2020). The signals
secreted from these stromal cells are involved in several signaling pathways that are
essential in maintaining intestinal homeostasis.
Wnt2b and Wnt3a are expressed in the crypt microenvironment by Pdgfralo cells and
Paneth cells, respectively (Aoki, 2016, McCarthy et al., 2020). Wnt ligands promote a
cascade of events that involves the translocation of β-catenin into the nucleus, helping to
maintain the undifferentiated state of Lgr5+ ISCs (Kabiri et al., 2018, Huels et al., 2018).
R-spondins (Rspo), Wnt agonists that bind Lgr5 receptors, are secreted by pericryptal
trophocytes and Grem1- Pdgfralo cells (Hansen et al., 2019, McCarthy et al., 2020).
While Rspo1-3 are expressed in the intestine, Rspo2 and Rspo3 are the most potent in
enhancing Wnt signaling (Moad and Pioszak, 2013). In contrast, the Bmp signaling
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pathway plays an important role in promoting progenitor differentiation. In the intestine,
Bmp2, Bmp4, and Bmp5 are expressed by various stromal cells such as telocytes,
myofibroblasts, and Grem1- Pdgfralo cells (Santos et al., 2018, Shoshkes-Carmel et al.,
2018, Hansen et al., 2019, McCarthy et al., 2020). After phosphorylation, SMAD1/5/9,
the effector proteins of the canonical Bmp pathway, complex with co-SMAD4 and
translocate into the nucleus where it promotes differentiation by inhibiting Wnt target
genes and upregulating genes involved in cell cycle arrest (Hardwick, 2008, Qi et al.,
2017). While signals are expressed by both epithelial and stromal cells, the signals from
stromal cells are essential to intestinal homeostasis. For example, conditionally knocking
out Paneth cell-derived Wnt3a resulted in no phenotype changes (Farin et al., 2012).
Similarly, after tamoxifen-induced knockout of Atoh1, a transcription factor that
promotes Paneth cell differentiation, Lgr5+ ISCs continued to renew and proliferate
(Durand et al., 2012). Taken together, these studies show that epithelial cell signaling is
dispensable in maintaining intestinal homeostasis.
Oral absorption via the intestine is the main route of arsenic exposure, yet little is
known about how arsenic directly impacts the intestine in vivo. There have been a few
studies using colon cell lines as models of enterocytes. For instance, treatment of HT-29
and Caco-2 cells with iAs and its metabolites DMA and MMA resulted in a decrease in
the number of microvilli, in its barrier function, in the cellular repair process, as well as a
maintained secretion of pro-inflammatory cytokines (Calatayud et al., 2014, Chiocchetti
et al., 2018). Other studies describe the impact of arsenic on the gut microbiota. An in
vivo exposure of 100 ppb arsenite for 13 weeks perturbed the bacterial community

36

composition, as well as normal intestinal functions such as carbohydrate metabolism and
short-chain fatty acid biosynthesis (Chi et al., 2017).
The purpose of the current study was to determine whether arsenic impaired intestinal
cells, specifically by targeting stromal cell numbers and/or their function, as dysfunction
of fibroblasts and changes in extracellular matrix composition were shown to alter muscle
stem cell differentiation in mice following an in vivo exposure of arsenite (Zhang et al.,
2016). Our findings suggest that arsenic targets distinct stromal cell populations in the
small intestine, decreasing their numbers and their spread, and lowering their expression
of signals important in maintaining Lgr5+ ISC stemness and differentiation.

Impact Statement: This study reveals that arsenic exposure targets stromal cells and
their signals which are essential to maintain the balance between intestinal renewal and
differentiation.
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METHODS AND MATERIALS
Enteroid culture and exposure to arsenic
The proximal 20 cm of the small intestine from two C57BL/6 male mice (Jackson
Laboratory, Bar Harbor, ME) was obtained following euthanasia. All animal care and
procedures were approved by Clemson’s Institutional Animal Care and Use Committee.
Intestinal sections (2mm) were repeatedly washed with PBS, suspended, and rocked in
Gentle Cell Dissociation Reagent (STEMCELL Technologies) for 20 minutes. The pieces
were then resuspended in PBS containing 0.1% BSA, filtered, and centrifuged to obtain
intestinal crypts. Intestinal crypts (~200 per well) were cultured in growth factor reduced
Matrigel (Corning) domes containing complete IntestiCult Medium (STEMCELL
Technologies), L-glutamine, and penicillin-streptomycin in 24 well plates. The plates
were incubated in a humidified incubator at 37oC and 5% CO2. Medium was changed
every 2-3 days, and the enteroids were passaged every 6 days.
To begin the exposures, enteroids (~800 enteroids/replicate; 3 replicates/arsenic
concentration) were cultured as above in 0, 1 μM, or 5 μM arsenic-medium for six days.
These concentrations correspond to 0, 75, and 375 μg/L (ppb) arsenic as sodium arsenite
(Fisher, Waltham, MA). The enteroids were harvested for transcript expression and
stored in TRI reagent (SigmaAldrich, St Louis, MO) at -80oC. The entire experiment was
repeated.
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In vivo arsenic exposure
C57BL/6 adult male mice (Taconic Biosciences, Germantown, NY) were fed
Zeigler’s AIN-93G mouse chow, which contains reduced levels of arsenic (Pellizzon,
2014). Six control mice were provided with standard tap water, while the remaining six
were provided with tap water containing 100 ppb arsenic (as sodium arsenite) for five
weeks. Water was changed every three days. Mice exposed to arsenic in drinking water
were exposed to an average of 21.5 μg arsenite/kg/day. Animal care and procedures were
approved by Clemson’s Institutional Animal Care and Use Committee. There was no loss
of arsenic in the water over the 72-hour period, nor were there differences in body weight
of the mice (Jatko et al., in preparation). Mice were euthanized, and the proximal ~10 cm
of the small intestine was collected and cut in ~3 cm sections. The first section was fixed
in 4% formalin and stored in 90% ethanol at 4oC for paraffin embedding, the second
section were stored in RNAlater (Ambion) at -80oC for RNA extraction, and the third
section was snap-frozen in liquid nitrogen and stored at -80oC for protein extraction.

H&E staining of intestinal sections
Paraffin embedded intestinal sections were cut at 5 μm, placed on slides, and stained
with hematoxylin and eosin (H&E) (n = 5-6 mice per group). Sections were imaged using
a Leica ICC50 HD light microscope and ImageJ used to measure the average width of
intact lamina propria by taking 6 random measurements per sample.
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Differential gene expression via qPCR
Total RNA was extracted in TRI reagent (SigmaAldrich, St Louis, MO) and
quantified on a Nanodrop (Fisher). RNA (2 μg) was reverse transcribed into cDNA.
Quantitative PCR was performed on an Applied Biosystems StepOnePlus Real-Time
PCR System (Foster City, CA), using SYBR green and 10 μM of the appropriate forward
and reverse primers (Table 1). All reactions were performed in triplicate. A standard
curve was generated for each gene with multiple concentration points (10− 3 to 10− 7 ng of
cDNA) to assess reaction efficiency. All standard curves yielded reactions that had an
average efficiency of 101.5 with r2 > 0.95. Melt curves were used to ensure specificity.
Using the comparative threshold (Ct) method (Livak and Schmittgen, 2001), gene
expression data was normalized against the geometric mean of the reference genes
Glyceraldehyde 3-phosphate dehydrogenase (Gapdh) and Beta-2-microglobulin (B2m).
Data were averaged within the exposed group and compared to the control group using
Student’s t-test.

Protein quantification for PDGFRA and SMAD1/5/9 by immunoblotting
Tissues were homogenized in RIPA buffer containing an additional 0.5 %
deoxycholic acid, along with phosphatase and protease inhibitors and centrifuged at
12,000 g for 20 minutes at 4℃. Protein concentrations were determined using the
Bradford assay (BioRad; Hercules, CA), electrophoresed onto 4-20% TBE gels, and
transferred to nitrocellulose. Membranes were incubated with primary antibodies for
PDGFRA (rabbit anti-mouse; 1:200; #AF1062; R&D Systems, Minneapolis, MN),
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SMAD1/5/9 (rabbit anti-mouse; 1:1000; #ab66737; Abcam; Cambridge, MA), and
GAPDH (anti-mouse; 1:1000; #GT239; Genetex; Irvine, CA). HRP conjugated
secondary antibodies were all twice as dilute as their respective primary dilutions, except
for GAPDH (1:5000). Blots were developed using Luminol reagent (Santa Cruz
Biotechnology) and imaged with a BioRad ChemiDoc. Average densitometry values
were determined using BioRad's Quantity One software and were normalized with
GAPDH as loading control.

Immunoprecipitation to assess levels of pSMAD5
Protein (75 μg) was incubated overnight at 4◦C with 2 μL SMAD5 antibody (Abcam
#ab40771). Dynabeads Protein G (Life Technologies) were added to the suspension for 2
h at 4◦C, and the specific protein immunoprecipitated. After denaturing, the proteins were
electrophoresed onto 4-15% TBE gels, transferred, and blocked. The primary antibody
for phosphorylated SMAD5 (pSMAD5) (goat anti-mouse; #ab92698; Abcam) was
diluted at 1:1000 in TBST/5% BSA and incubated with the blot overnight at 4◦C. The
anti-rabbit HRP secondary antibody (1:2000) was incubated with the blot and proteins
were detected using Luminol reagent (Santa Cruz). Band intensity was determined by
densitometry, with GAPDH used as the loading control.

Examining protein expression and localization with immunohistochemistry
Paraffin-embedded intestinal tissue was sectioned at 5 μm, placed on slides, and
antigen retrieval was carried out for PDGFRA in Tris-EDTA buffer (pH 9). The
PDGFRA primary antibody (1:300, #sc-21789, Santa Cruz) was diluted in PBST/5%
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BSA and incubated overnight at 4oC. Alexa488 conjugated goat anti-mouse (1:500)
secondary antibody were incubated with the slides, followed by DAPI. Tissue sections
were imaged on Leica SPE confocal microscope and expression intensity, localization,
and number of cells expressing the marker, as appropriate, was analyzed using ImageJ.
Data were averaged between groups and compared to control using Student’s t-test.
Using two to five villi per sample, the spread of villus telocytes was quantified in
arsenic and control samples (n = 6), as a percentage of the total length of the villus. Data
were averaged for each sample and then compared to control using Student’s t-test.

Statistical analysis
To analyze differences in intestinal epithelium markers in the enteroids, a Wilcoxon
rank-sum test was used to compare differences in transcripts between exposure groups (p
< 0.05). A Student’s t-test was used to compare differences in stromal cell markers as
well as their gene expression levels (p < 0.05).

RESULTS
Epithelial cell markers were not differentially expressed in enteroids
Previous research in our lab has shown reductions in transcript expression of Leucine
rich repeat containing G protein-coupled receptor 5 (Lgr5), a stem cell marker, Atoh1, a
secretory lineage marker, and Defensin alpha1 (Defa1), a Paneth cell marker, in the small
intestine following an in vivo arsenic exposure (Jatko et al., in preparation). Since these
changes could be the result of arsenic targeting either the epithelial or stromal cells,
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intestinal enteroids were used to assess effects on only the epithelial cells. Enteroids were
exposed to 0, 1, and 5 μM arsenic (as sodium arsenite) for six days and RNA extracted to
examine transcript expression. While mRNA levels of Lgr5 and Hes1 (absorptive lineage
marker) appeared to be reduced at the highest concentration (Figure 1A-B), there were no
significant differences in expression (p = 0.24 for Lgr5 and p = 0.20 for Hes1). Similarly,
transcript levels of Defa1, Atoh1, Mucin2 (Muc2), Sucrase isomaltase (Sis), and
Cholecystokinin (Cck) were not changed (Figure 1C-G). These results suggest that
epithelial cell differentiation is not directly impaired by arsenic.

Arsenic exposure reduces stromal cell numbers and localization
In order to determine whether arsenic exposure impairs stromal cells instead, mice
were exposed to either 0 or 100 ppb arsenic (as sodium arsenite) in their drinking water
for 5 weeks. Sections of the small intestine were collected, embedded in paraffin, and
used to determine the width of the lamina propria, since we previously reported that the
width of the intestinal villi was significantly increased (Jatko et al., in preparation).
Interestingly, H&E stained cross-sections of mouse intestinal tissue (Figure 2A-B)
revealed that the width of the lamina propria in the arsenic-exposed tissue was reduced by
40% compared to the controls (Figure 2C).
There are several types of stromal cells in the intestine, including Pdgfrahi Foxl1+
telocytes, Grem1+ Pdgfralo trophocytes, Grem1- Pdgfralo stromal cells, and PdgfraActa2+ myofibroblasts. Exposure to 100 ppb iAs showed no significant change in Acta2
transcript levels (Figure 3A), while Pdgfra transcripts were reduced by 78% (Figure 3B)
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and Gli1 levels were reduced by 75% (Figure 2C). These results suggest that the
reduction in the amount of lamina propria tissue and increases in villus width in the
arsenic-exposed animals may be, in part, due to changes in Pdgfra+ stromal cells.

Spread of Pdgfrahi telocytes in the villus was decreased
Initially, immunoblotting was used to determine if the decline in intestinal Pdgfra
transcript levels also led to less protein. However, there were no expression differences
between control and arsenic-exposed mice (Figure 4A-B). To further investigate the
quantity as well as the localization of PDGFRA protein, immunohistochemistry (IHC)
was performed. While no differences were identified in PDGFRA protein levels in the
pericryptal lamina propria (Supplemental figure 2), arsenic-treated samples have a 20%
reduction in the spread of telocytes reaching up into the villus tip (Figure 4C-D).

Arsenic reduces expression of genes essential in maintaining stemness and promoting
differentiation
Because both the transcript levels of Pdgfra and the amount and spread of telocytes
were decreased due to arsenic exposure, we asked whether this altered the expression of
genes that help maintain stemness of Lgr5+ ISCs or those that promoted cell
differentiation. Both Wnt2b and Rspo2, genes expressed in the stem cell niche that help
maintain stemness, were expressed at levels only slightly higher than background levels
(data not shown). In addition, Rspo3 levels were not significantly altered between control
and arsenic-exposed mice (Figure 5A). Transcripts that prevent premature differentiation
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by the Lgr5+ ISCs, including Grem1 and Grem2, were significantly decreased by 50%
and 60%, respectively (Figure 5B-C). An additional Bmp antagonist, Chordin-like1,
showed no difference in expression due to arsenic exposure (Figure 5D).
The expression of signals in the villus are important in promoting differentiation.
Bmp2 and Bmp4 were reduced by one-third in arsenic-exposed tissues (Figure 6A-B),
while Bmp5 expression was unchanged (Figure 6C). Wnt4 and Wnt5a are members of the
Wnt signaling pathway that promote differentiation in the villus tips. Transcript levels of
both Wnt4 and Wnt5a were unchanged (Figure 6D-E). These results collectively show
that signals that help maintain intestinal homeostasis were reduced due to exposure to
100 ppb iAs, as were those signals that help promote differentiation.

Protein levels of SMAD1/5 were decreased following arsenic exposure
Because Bmp2 and Bmp4 signals were decreased due to arsenic exposure, we
investigated if receptor-regulated SMADs (R-SMADs) were impaired. Bmp ligands bind
to Bmp receptors, which phosphorylate SMAD1/5/9. These R-SMADs then dimerize
with co-SMAD4 and translocate into the nucleus (Hardwick et al., 2009). Immunoblotting determined that the protein levels of SMAD1/5 were decreased by 45%, though
not significantly. SMAD9 levels were not changed (Figure 7A-B). Whether arsenic
exposure leads to changes in SMAD phosphorylation and/or nuclear translocation
remains to be determined.
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DISCUSSION
This study reveals that arsenic exposure leads to changes in the morphology and
distinct cell populations in the lamina propria. Total stromal cells in the pericryptal
lamina as well as transcript levels of Pdgfra were decreased in the small intestine. In
addition, the spread of Pdgfrahi telocytes was decreased up into the villus. These
reductions appear to reduce expression of genes important in signaling, including Bmp2,
Bmp4, Grem1, and Grem2. These results suggest that changes in intestinal morphology
and cell differentiation following arsenic exposure are due to impacts on distinct stromal
cell populations, rather than on the epithelial or stem cells.

Pdgfra expression and the number of Pdgfrahi telocytes were reduced following arsenic
exposure
Our initial hypothesis proposed that arsenic would impair stem cell differentiation in
the intestinal epithelium. An earlier study from our lab showed significant reductions in
Lgr5, a marker of intestinal stem cells, along with reductions in Atoh1, a marker for
secretory lineage progenitors, and Defa1, a Paneth cell marker following a 5-week
arsenic exposure to mice (Jatko et al., submitted). Other studies have also confirmed that
arsenic exposure leads to impaired stem cell homeostasis. For instance, exposure of 1 μM
arsenic to P19 ESCs led to a reduction in β-catenin, resulting in impaired differentiation
into myotubes and neurons (Hong and Bain, 2012), while exposure of ESCs to 0.5-1.0
μM MMAIII was shown to inhibit their differentiation into cardiomyocytes (Wang et al,
2015). However, using an in vitro enteroid model, no significant differences in Lgr5
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expression nor any other marker of progenitor or differentiated cells were seen at 1 μM
arsenic. At 5 μM, trends in reduced Lgr5 and Hes1 were seen, and the enteroids produced
less budding (Supplementary Figure 1).
Intestinal epithelial cells are quite plastic, and even after leaving the crypt as
differentiated cells, can be induced to revert to a stem cell-like phenotype after loss of
actively-dividing Lgr5+ ISCs (Jadhav et al., 2017, Schmitt et al., 2018). It is signaling
from the stromal cells that plays an essential role in regulating epithelial cell
differentiation. Thus, we wanted to assess whether arsenic was altering stromal cells
numbers, their locations, and/or their signaling in the small intestine. Indeed, our results
show that the numbers of stromal cells were altered, as shown by the change in width of
both the villi as well as the lamina propria. One such stromal cell is the telocyte, which is
identified as Pdgfrahi, Foxl1+, Gli1+. Telocytes are located directly underneath the
epithelium, starting at the crypt/villus junction, and ascend to the villus tip (Creţoiu et al.,
2012, Stzepourginski et al., 2017, McCarthy et al., 2020). Our results show that Pdgfra
mRNA expression was reduced by 4.5-fold in the arsenic-exposed mice. We attempted to
confirm telocyte reduction using other markers, Foxl1 and Gli1. While Gli1 was reduced
by more than 75%, we could not accurately detect Foxl1 mRNA expression. McCarthy
and colleagues identified two additional stromal cell populations that express Pdgfra at
lower levels than telocytes – Grem1+ CD81+ trophocytes which reside underneath the
crypt and Grem1- CD81- stromal cells which reside at the crypt-villus junction (McCarthy
et al., 2020).
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To assess whether particular Pdgfra-expressing stromal cells were impaired by
arsenic, immunohistochemistry was also used to examine localization. In our research,
the spread of Pdgfrahi telocytes, which are located in the villus, particularly concentrated
at the crypt-villus junction, was significantly reduced by 20% in the arsenic-exposed
intestines The diminished reach of the telocytes suggests that their ability to express
signals in the villus essential to promoting differentiation might be decreased. When
telocytes function in the repair process, they increase their somatic volume, separate from
adjacent structures and shorten their telopodes (Díaz-Flores et al., 2016). The decrease in
telocyte spread into the villus in the arsenic-exposed intestines may be due to a repair
mechanism in response to arsenic exposure. We also discovered that the quantity of
Pdgfra+ cells in the pericryptal lamina propria were decreased by 35% in arsenic-exposed
intestines, although this was not significant (Supplemental Figure 2). Interestingly, Acta2
expression, a more robust marker of myofibroblasts, was not changed. Acta2 expression
provides a way to compare the numbers of myofibroblasts but does not indicate anything
regarding their function. These results suggest that arsenic is specifically targeting
telocytes, as evidenced by the decrease in Pdgfra transcript levels, by the reduced spread
of telocytes into the villus tip, and by the lack of change in Pdgfra levels in the lamina
propria. It is also possible that Pdgfralo Grem1- stromal cells are targeted indicated by the
change in Pdgfra transcript levels as well as a decrease in signals expressed by these
cells.
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Wnt and Bmp signals were decreased due to arsenic exposure
Previous studies have shown that signals that are expressed in stromal cells, rather
than those expressed in epithelial cells, are responsible for regulating differentiation and
proliferation (Durand et al., 2012). For instance, both a conditional knockout of Wnt3
(Farin et al., 2012) and a targeted blockage of intestinal epithelial Wnt secretion by
ablation of Porcupine (Porcn), an enzyme essential for secretion and activity of all Wnts
(Kabiri et al., 2014, San Roman et al., 2014), did not reduce the intestine’s ability to
maintain homeostasis or repair after an injury.
Our research showed that Bmp antagonists Grem1 and Grem2 were reduced by 50%
and 59%, respectively. These antagonists inhibit Bmp signals in the stem cell niche,
providing an environment for stem cell renewal and proliferation. Grem1, which is
present at much higher levels than its isoform Grem2, is expressed almost exclusively by
Pdgfralo Grem1+ trophocytes in the pericryptal lamina propria [Halpern et al., 2020,
McCarthy et al., 2020]. Recent literature is much less clear about the cells that express,
and the location of, Grem2. This signal has been shown to be expressed in the pericryptal
lamina propria, the middle of the villus, and the villus tip by cell populations such as
myofibroblasts, telocytes, and smooth muscle cells that interact with blood capillaries
(Greicius et al., 2018, Hansen et al., 2019, Halpern et al., 2020, McCarthy et al., 2020).
While cell type and expression location is not clear, what is clear is that Grem2 is a Bmp
antagonist which helps to promote stem cell renewal. In addition, Bmp2 and Bmp4, the
main Bmp ligands in the intestine (Zhang et al., 2009, Hansen et al., 2019, McCarthy et
al., 2020), were both significantly decreased. Bmp2 is expressed by Pdgfrahi Foxl1+

49

telocytes and Pdgfralo Grem1- stromal cells at the crypt-villus junction (McCarthy et al.,
2020). Bmp4 is expressed in all parts of the villus by many, varied stromal cell
populations including Pdgfralo Grem1- stromal cell, Pdgfrahi Foxl1+ telocytes, and Acta2+
myofibroblasts (McCarthy et al., 2020).
In the intestines, SMAD1/5/9 are the effector molecules for Bmp2 and Bmp4 signals.
During the pathway, phosphorylation of the SMADs leads to their nuclear translocation
and subsequent changes in target gene expression. Immortalized human keratinocytes
exposed to 2 μM arsenic had reduced Bmp signaling due to reduced phosphorylation of
SMAD1/5 (Phillips et al., 2013). In our study, there were no changes in expression of
SMAD1/5/9 nor in the phosphorylation of SMAD5. Whether changes in the
phosphorylation and translocation of SMAD1 or SMAD9 occurs remains to be seen.
While several studies have demonstrated that arsenic impairs differentiation of stem
and progenitor cells (Kachinskas et al., 1997, Frankel et al., 2009, Hong and Bain, 2012),
several others have shown that arsenic also can impair stromal cell expression and
function, For example, after exposure to 100 ppb arsenic followed by a muscle injury,
mice developed an abnormal fibroblast phenotype that resulted in impaired extracellular
matrix (ECM) remodeling and a compromised stem cell niche, leading to impaired tissue
regeneration (Zhang et al., 2016), while an in vitro exposure of arsenic to hepatic stellate
cells resulted in an increase in secretion of Laminin and Collagen IV, the main proteins
that make up the basal lamina (Fan et al., 2018). Taken together, our research shows that
arsenic decreases the number of Pdgfra+ intestinal stromal cells (35%) as well as the
total stromal cells (42%) present in the pericryptal lamina propria, though not significant.
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In addition, the spread of Pdgfrahi telocytes up into the villus is reduced by 20%. These
results suggest that changes in intestinal morphology and cell differentiation following
arsenic exposure are due to impacts on distinct stromal cell populations rather than the
epithelial or stem cells.
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Figure legends
Figure 2.1. Transcript levels of Lgr5 and Hes1 were decreased in enteroids. Enteroids
were exposed to 0, 1, or 5 μM iAs for 6 days and changes in mRNA levels were
examined by quantitative real-time PCR (qPCR) for Lgr5, a marker for ISCs (A), Hes1, a
marker of absorptive progenitor cells (B), Defa1, a marker of Paneth cells (C), Atoh1, a
marker of secretory progenitor cells (D), Muc2, a marker of goblet cells (E), Sis, a marker
of enterocytes (F), and Cck, a marker of EEC (G). Fold changes were determined by
qPCR, averaged for each treatment and expressed as the mean 2^ddCt for each group
(n=3-5). Data were normalized on the geometric mean of Glyceraldehyde 3-phosphate
dehydrogenase (Gapdh) and β2-microglobulin (B2m). Statistical differences (*) were
determined using the Wilcoxon rank-sum test (p < 0.05).
Figure 2.2. Arsenic exposure reduced the width of the intestinal lamina propria.
Hematoxylin and eosin (H&E) staining of representative sections from control (A) and
100 ppb arsenic-exposed (B) intestines (n = 5-6). The bars indicate representative widths
of the lamina propria. Quantification of morphological changes was made by the average
of six random measurements of lamina propria widths per sample using ImageJ (C).
Lamina propria widths were averaged for each exposure group and statistical differences
(*) determined using Student’s t-test (*p < 0.05).
Figure 2.3. Pdgfra and Gli1 transcript levels were reduced in arsenic-exposed mice.
Transcript levels of Acta2 (A), Pdgfra (B), and Gli1 (C) were determined by qPCR and
averaged for each treatment. Data were normalized using the geometric mean of Gapdh
and B2m, and fold changes were calculated using the 2^ddCt method and expressed as
the mean for each group (n = 6). Statistical differences (*) were determined using
Student’s t-test (*p < 0.05; ***p < 0.001).
Figure 2.4. The spread of Pdgfrahi telocytes into the villus was decreased in arsenicexposed mice. Protein levels of PDGFRA were determined by immunoblotting (A) and
average densitometry values (n = 4 per exposure group) were determined using BioRad's
Quantity One software and normalized to GAPDH as a loading control (B).
Representative images of PDGFRA intestinal expression in control (C) and arsenic
treated samples (D). The white arrowheads in the far-right panel show telocytes
extending into the villus tip, while largely absent from arsenic-treated samples. The
average spread of telocytes reaching into the villus tip (n = 6 per exposure group) was
quantified with ImageJ, relative to the total height of the villus (E). Fold changes were
calculated using the 2^ddCt method and expressed as the mean for each group. Statistical
differences (*) were determined using Student’s t-test (**p < 0.01). The Pdgfra zoom
panels are zoomed in by 50%.
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Figure 2.5. Several transcripts of stromal cell markers that help maintain stemness
were decreased in arsenic-exposed mice. Transcript levels of Rspo3 (A), Grem1 (B),
Grem2 (C), and Chrdl1 (D) were determined by qPCR and averaged for each treatment.
Data were normalized using the geometric mean of Gapdh and B2m and fold changes
calculated using the 2^ddCt method and expressed as the mean for each group (n = 5-6
per exposure group). Statistical differences (*) were determined using Student’s t-test
(**p < 0.01)
Figure 2.6. Transcript expression of Bmp2 and Bmp4, which helps to promote
differentiation, were decreased in arsenic-exposed mice. Transcript levels of Bmp2
(A), Bmp4 (B) , Bmp5 (C), Wnt4 (D), and Wnt5a (E) were determined by qPCR and
averaged for each treatment. Data were normalized using the geometric mean of Gapdh
and B2m and fold changes calculated using the 2^ddCt method and expressed as the
mean for each group (n = 5-6). Statistical differences (*) were determined using Student’s
t-test (*p < 0.05)
Figure 2.7. SMAD1/5 protein levels were decreased due to arsenic exposure. Protein
levels of SMAD1/5/9 (A) were determined by immunoblotting. Average densitometry
values (n = 4 per exposure group) were determined using BioRad's Quantity One
software and normalized to GAPDH as a loading control (B). The data are expressed as a
fold change and statistical differences (*) were determined using Student’s t-test (*p <
0.05).

Supplemental Figure 1. A six-day exposure of enteroids to 5 μM arsenic shows
diminished budding. Two representative images of enteroids after 6 days exposure to 0,
1, and 5 μM sodium arsenite.
Supplemental Figure 2. Total number of stromal cells and percentage of Pdgfra+
cells in lamina propria. Both the total number of stromal cells in the lamina propria (A)
and Pdgfra+ cells (B) were quantified with ImageJ (n = 5-6 per exposure group).
Statistical differences (*) were determined using Student’s t-test (*p < 0.05).
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Table 1: Oligonucleotide sequences for quantitative PCR
Gene

Forward (5' - 3')

Reverse (5' - 3')

Amplicon
length (bp)

GenBank
Accession no.

Function

B2m

cagcaaggactggtctttctat

aactctgcaggcgtatgtatc

79

NM_009735.3

Housekeeper

Gapdh

tgcgacttcaacagcaactc

atgtaggccatgaggtccac

143

NM_008084.3

Housekeeper

Chrdl1

gtccaagtcttcattgcctttc

tgacttgctggtcaccttatt

104

NM_001114385.1

Bmp antagonist

Bmp2

agtagtttccagcaccgaatta

ttcactaacctggtgtccaatag

101

NM_007553.3

Bmp ligand

Bmp4

cagggcttccaccgtataaa

gtgtccagtagtcgtgtgatg

89

NM_007554.3

Bmp ligand

Bmp5

gcgctccaaccaaactaaatg

ccacacgaacgtactaccatatt

100

NM_007555.4

Bmp ligand

Rspo3

gaaacacgggtccgagatatac

gctctccctttgaacacttct

115

NM_028351.3

Wnt agonist

Pdgfra

gacttcctaaagagtgaccatcc

cttcccagtccttcagcttatc

112

NM_011058.3

Stromal cell
marker

Grem1

atgaatcgcaccgcataca

gctccttgggaacctttctt

95

NM_011824.4

Bmp antagonist

Grem2

ggtggctgtgctggtaaa

ctctctgagttgttgctgct

99

NM_011825.1

Bmp antagonist

Wnt4

gaggagtgccaataccagttc

gctgaagagatggcgtatacaa

128

NM_009523.2

Villus tip telocyte
Wnt ligand

Wnt5a

gcgtggctatgaccagttta

cacaatctccgtgcacttct

100

NM_009524.4

Villus tip telocyte
Wnt ligand

Acta2

tcagggagtaatggttggaatg

ggtgatgatgccgtgttcta

112

NM_007392.3

Stromal cell
marker

Lgr5

tgactttgaggaagacctgaag

ggatcagccagctaccaaata

101

NM_010195.2

ISC marker

Atoh1

cttccagcaaacaggtgaatg

cgttgttgaaggacgggata

131

NM_007500.5

Secretory lineage
marker

Hes1

gcctctgagcacagaaagtcatca

cttggaatgccgggagctatcttt

77

NM_008235.2

Absorptive
lineage marker

Cck

cccagccatagaataagtgacc

cgatgggtattcgtagtcctc

84

NM_031161.4

Enteroendocrine
marker

Defa1

tagatcaagaggctgcaaagg

gacagcagagcgtgtacaata

80

NM_010031.2

Paneth cell
marker

Muc2

cctcatcatggacagcctattc

gtacactggcacactccatatt

122

NM_023566.4

Goblet cell
marker

Sis

aaattggcaacgggcagaac

cgaagagtggagatgggattag

89

NM_001081137.2

Enterocyte cell
marker

Gli1

accaccctacctctgtctattc

ttcagaccattgcccatcac

121

NM_010296.2

Stromal cell
marker

Foxl1

ggtcacactgaacggcatctac

tcacgaagcactcgttgagcga

119

NM_008024.2

Telocyte marker
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Figure 2.1
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Figure 2.2
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Figure 2.3
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Figure 2.4
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Figure 2.5
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Figure 2.6
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Figure 2.7
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Supplemental Figure S1

Control

1 μM As
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5 μM As

Supplemental Figure S2
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CHAPTER THREE
CONCLUSION
The small intestine is responsible for almost all absorption that occurs in mammals.
This absorption includes nutrients, electrolytes, and water that makes life possible as well
as pathogens and toxicants. Arsenic is a naturally occurring metalloid commonly found in
drinking water and foods irrigated and/or cooked in contaminated water. Because its
main route of exposure is oral and because inorganic As is readily absorbed, the intestine
has often been understood solely as a conduit, moving arsenic from the lumen to the liver
and beyond. Intestinal homeostasis is dependent on maintaining the balance between
stem cell renewal, and proliferation and differentiation of progenitor cells. Previous
studies have shown that in vitro and in vivo arsenic exposures can upset this balance in
neurons, keratinocytes, and cardiac and skeletal muscles (Yen et al., 2010, Steffens et al.,
2011, Hong and Bain, 2012, Phillips et al., 2013, Liu and Bain, 2014, Wang et al., 2015,
Bain et al., 2016), though there is little research on the impact of in vivo arsenic
exposures on adult intestinal stem cell differentiation. Previous research in our lab
showed that an in vivo arsenic exposure decreased an mRNA marker of intestinal stem
cells along with markers for secretory progenitor cells and Paneth cells (Jatko et al, in
preparation) and hypothesized that these differences were due to alterations in the Wnt
signaling pathway. Results from our current study offer support that arsenic does not
directly impair epithelial cell differentiation, but rather stromal cells, essential regulators
of epithelial cell proliferation and differentiation.
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In 2019, arsenic was classified as the substance in the US posing the most significant
threat to human health due to its toxicity and potential for exposure from over 1700
hazardous waste sites (ATSDR, 2019). In addition, the inorganic form of As is
considered a human carcinogen (IARC, 2004). Despite standards set by the EPA and the
WHO to minimize the risk of arsenic exposure, millions of people around the world
continue to be exposed to levels higher than the 10 ppb standard, sometimes exceeding
1800 ppb in countries such as India and Bangladesh (Kumar et al., 2016, Saha and Sahu,
2016). The population of the United States is not exempt. In a 20-year study of aquifer
water quality, two million persons in the United States were exposed to arsenic levels
exceeding 10 ppb (Ayotte et al., 2017). Our research has shown that arsenic impairs the
delicate balance between stem cell renewal and differentiation, and alterations to this
balance could lead to abnormal cell proliferation. Based on findings from previous
studies as well as our own, standards for drinking water may need to be updated. There
may also need to be standards set for allowable levels of arsenic in food due to possible
contamination from irrigation and soil. Crops such as rice that require high amounts of
water could be irrigated with contaminated water, which could significantly increase the
amount of arsenic ingested due to their high levels of consumption around the world
(EFSA, 2009).
Much of the recent literature on intestinal cell populations and their gene expressions
has focused on single cell RNA sequencing. This has allowed researchers to hone in on
specific cells and their gene expression which may vary, depending on the location of the
specific cell in the crypt/villus axis. While there is much debate about which cell
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populations are identified by particular structural and functional markers, the attention to
individual cell populations has helped to clarify what is happening in vivo. In our
research, transcript and protein levels of the entirety of the proximal part of the intestine
were used for our assays. Thus, further exploration is needed in order to narrow down the
which stromal cell populations and their signals are affected by arsenic exposure and
where these populations are located in the crypt-villus structural unit. Recent research of
intestinal stromal cells and Wnt and Bmp signaling has been enhanced by single cell
RNA-Seq. Our current study investigated functional and structural markers of intestinal
stromal cells of the entirety of the proximal part of the duodenum. Many of the stromal
cells and their signals are present in different concentrations depending on their location
in the crypt-villus unit. In order to determine specific locations and expression of stromal
cells and their signals, it is necessary to consistently be able to identify specific locations
with the crypt-villus unit where . In addition, in order to determine the specific cell
populations in the lamina propria that were disrupted in arsenic-exposed tissues, more
time and samples would have afforded us opportunities to narrow down how arsenic is
disrupting intestinal morphology, cell populations, and the signals that they express.
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